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Abstract
We study the excited energy of the isoscalar giant quadrupole resonance
with the scaling method in the relativistic many-body framework. In
this calculation we introduce the momentum-dependent parts of the Dirac
self-energies arising from the one-pion exchange on the assumption of the
pseudo-vector coupling with nucleon field. It is shown that this momentum-
dependence enhances the Landau mass significantly and thus suppresses
the quadrupole resonance energy even giving the small Dirac effective mass
which causes a problem in the momentum-independent mean-field theory.
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The past decades have seen many successes in the relativistic treatment of the nuclear
many-body problem. The relativistic framework has big advantages in several aspects [1]:
a useful Dirac phenomenology for the description of nucleon-nucleus scattering [2,3], the
natural incorporation of the spin-orbit force [1] and the structure of extreme nuclei [4].
These results have shown that there are large attractive scalar and repulsive vector fields,
and that the nucleon effective mass becomes small in the medium.
The small effective mass enlarges the Fermi velocity, and it causes troubles in some
observables. For example, the isoscalar giant quadrupole resonance (ISGQR) state is pre-
dicted at a too high excitation energy due to the large Fermi velocity [5]. In this subject,
it is assumed that the momentum-dependence of the Dirac fields is negligible in the low
energy region, particularly below the Fermi level. In fact, only very small momentum-
dependence has appeared in the relativistic Hartree-Fock (RHF) calculation though the
Fock contribution is not small [6,7]. Thus the Fock contributions are thought to be in-
corporated into the relativistic Hartree (RH) approximation by introducing complicated
density-dependent interaction and fitting parameters [4,6,8].
In the high energy region the vector-fields must become very small to explain the
optical potential of the proton-nucleus elastic scattering [2,9] and the transverse flow in
the heavy-ion collisions [10]. A Dirac-Bruckner-Hartree-Fock (DBHF) calculation has also
shown that the momentum-dependence changes the nuclear equation of state noticeably
[11]. Furthermore, Weber et al. [9] have suggested that the Fermi velocity does not
correspond to the effective mass uniquely when introducing the momentum-dependence
of the Dirac fields.
We can easily suppose that it is the one-pion exchange force which produces the major
momentum-dependence because the interaction range is largest. In this paper, thus, we
introduce the momentum-dependence to the Dirac fields due to the one-pion exchange, and
discuss how the Fock parts given by the one-pion exchange affects the excitation energy
of ISGQR. Actually we use the scaling method in the way of Ref. [5] which is proved
to give consistent results with RPA for the giant multipole states in the non-relativistic
framework [12]. This relation has been confirmed also in the relativistic framework for
the monopole vibration mode [13].
Let us consider the infinite nuclear matter system with the isospin symmetry. The
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nucleon propagator in the self-energy Σ is given by
S−1(p) = /p−M − Σ(p), (1)
where Σ(p) has a Lorentz scalar part Us(p) and a Lorentz vector part Uµ(p) as
Σ(p) = −Us(p) + γµUµ(p). (2)
For the future convenience we define the effective mass and the kinetic momentum as
follows.
M∗(p) =M − Us(p),
Πµ(p) = pµ − Uµ(p). (3)
Using the on-mass-shell condition that Π2(p) − M∗2(p) = 0, the single particle energy
with momentum p is defined as
ε(p) = p0|on−mass−shell =
√
Π2(p) +M∗2(p) + U0(p). (4)
Next we consider the variation of the total energy in the quadrupole deformation in
order to discuss ISGQR with the scaling method. Using the scaling method, first, we vary
the density-distribution from the normal nuclear matter distribution ρ˜0(r) as
ρ˜0(r)→ ρ˜λ(r) = ρ˜0(e−λx, e−λy, e2λz). (5)
In the uniform nuclear matter it is equivalent to the variation of the momentum-
distribution n(p) as
n0(p)→ n(p) = nλ(p) = n0(pλ) = n0(eλpx, eλpy, e−2λpz), (6)
where n0(p) = θ(pF − |p|) with the Fermi-momentum pF at the saturation density ρ0.
With the variation of the momentum-distribution as n0(p)→ n0(p)+ δnp, the single-
particle energy ε(p) is obtained in the Hartree-Fock framework by
ε(p) =
δET
δnp
=
√
Π(p)2 +M∗2(p) + U0(p)|p0=ε(p), (7)
¿From this relation we get the following equations
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∂ET
∂λ
|λ=0 = 4Ω
∫
d3p
(2pi)3
{∂n(p)
∂λ
|λ=0}ε(p) = 0 (8)
∂2ET
∂λ2
|λ=0 = 4Ω
∫
d3p
(2pi)3
{∂n(p)
∂λ
|λ=0}{Dλε(p)|λ=0} (9)
The derivative of the single particle energy ε can be written as
Dλε(pλ, λ) =
∂pλ
∂λ
∇pλε+
∂ε
∂λ
(10)
where the total derivative ∇p is defined on the on-mass-shell condition: p0 = ε(p). In this
equation the second term of the right-hand side ∂ε/∂λ corresponds to the derivative with
the variation of the self-energies at the fixed momentum by changing the momentum-
distribution. This term holds the spherical symmetry at the limit of λ→ 0, and does not
contribute to the integral of the left-hand side in eq.(9).
Substituting eq.(10) into eq.(9), hence, the restoring force of ISGQR CQ becomes
CQ =
∂2ET/A
∂λ2
|λ=0 = − 4Ω
A
∫ d3p
(2pi)3
δ(|p| − pF )(p
2 − 3p2z
|p| )(
p2 − 3p2z
M∗L
),
=
12
5
pF
2
M∗L
, (11)
where
M∗L = (2
d
dp2
ε(p))−1||p|=pF , (12)
which is so called the ’Landau mass’ corresponding to the effective mass in the non-
relativistic framework.
In Ref. [5] the mass-parameter of ISGQR is given as
BQ = 2εF < r
2 >, (13)
with the Fermi energy εF , and then the frequency of ISGQR is obtained as
ωQ =
√
CQ
BQ
=
√
6pF 2
5M∗LεF < r
2 >
(14)
This expression is same as that of Ref. [5] with RH except the Landau mass; M∗L =√
pF 2 +M∗2 in RH.
At the saturation density, the Fermi energy agrees with the total energy per nucleon
whose value is almost the same as that of nucleon mass: εF = ET/A ≈ M , In addition,
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nuclear radii are scaled to be proportional to A1/3 as < r2 >= 3/5r20A
2/3 and then we get
the frequency ωQ as
ωQ ≈
√
4 < T nrK >
M∗Lr
2
0
A−1/3, (15)
where < T nrK > is the non-relativistic averaged kinetic energy as
< T nrK > = <
p2
2M
> =
3p2F
10M
. (16)
This expression completely coincides with that of the non-relativistic model [14]
We substitute the empirical experimental values ωQ ≈ 63A−1/3MeV, < T nrK >≈
25MeV and r0 ≈ 1.125fm into the eq.(15) and obtain the value of the Landau mass
[15] as
M∗L/M ≈ 0.85. (17)
Consequently we cannot find any difference in the expression of ISGQR between the
relativistic and non-relativistic frameworks. The main problem is whether we can give
the above value of M∗L with holding consistency to other observables; the usual analyses
indicate that M∗/M = 0.55− 0.7, which gives M∗L ≈ 0.6− 0.75 in RH.
As a next step we explain the details of our calculation in this work. We consider a
model of the usual σ-ω model plus the Fock part of the one-pion exchange.
Along this line we define a Lagrangian density in the system as
L = ψ¯(i/∂ −M)ψ + 1
2
∂µφa∂
µφa − 1
2
m2piφaφa
+
1
2
∂µσ∂
µσ − U˜ [σ]− 1
4
ωµνω
µν +
1
2
m2ωωµω
µ,
+i
fpi
mpi
ψ¯γ5γ
µτaψ∂µφa + gσψ¯ψσ − gωψ¯γµψωµ (18)
with
ωµν = ∂µων − ∂νωµ, (19)
where ψ, φ, σ and ω are the nucleon, pion, sigma-meson and omega-meson fields, respec-
tively. In the above expression we use the pseudo-vector coupling form as an interaction
between Nucleon and pion. The self-energy potential of the σ-field U˜ [σ] is given as
U˜ [σ] =
1
2
m2σσ
2 + 1
3
Bσσ
3 + 1
4
Cσσ
4
1 + 1
2
Aσσ2
. (20)
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The symbols mpi, mσand mωare the masses of pi-, σ- and ω-mesons, respectively.
Next we calculate the nucleon self-energies. The nucleon self-energies are separated
into the local part and the momentum-dependent part as
Uα(p) = U
L
α + U
MD
α (p). (α = s, µ) (21)
The σ- and ω-meson exchange parts produce only very small momentum-dependence of
nucleon self-energies [6,7] as their masses are large. In fact the RH and RHF approxima-
tions do not give any different results in nuclear matter properties after fitting parameters
of σ- and ω-exchanges [6]; it is very easily confirmed in the limit of mα →∞ at the fixed
gα/mα. On the other hand the one-pion exchange force is a long range one and makes
large momentum-dependence while it does not contribute to the local part in the spin-
saturated system. Thus we make the local part by RH of the σ- and ω-meson exchanges,
and the momentum-dependent part by RHF of the pion exchange. Please note that such
a separated method can keep the consistency for the energy-momentum tensor [9].
In this model the local part of the self-energies are given as
ULs = gσ〈σ〉 (22)
ULµ = δ0µ
gω
2
m2ω
ρH (23)
where 〈σ〉 is the scalar mean-field obtained as
∂
∂〈σ〉 U˜ [〈σ〉] = gσρs (24)
In the above equations the scalar density ρs and the vector Hartree density ρH are given
by
ρs = 4
∫
d3p
(2pi)3
n(p)
M∗α(p)
Π˜0(p)
, (25)
ρH = 4
∫
d3p
(2pi)3
n(p)
Π0(p)
Π˜0(p)
, (26)
where n(p) is the momentum-distribution, and Π˜µ(p) is defined by
Π˜µ(p) =
1
2
∂
∂pµ
[Π2(p)−M∗2(p)] (27)
Please note that the Hartree density ρH is not equivalent to the baryon density ρB when
the self-energies depends on the four momentum.
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As a next step we define the momentum-dependent parts of the self-energies as the Fock
parts with the one-pion exchange. When using the pseudo vector (PV) coupling the Fock
parts do not become zero at the infinite limit of the momentum |p|. One usually erases
these contributions by introducing the cut-off parameter. In this work, instead of that,
we minus these contributions from the momentum-dependent parts (these contributions
can be renormalized into the Hartree parts): Uα → Uα − Uα(p → ∞). Thus we obtain
the momentum-dependent parts of the self-energies as
UMDs (p) =
3f 2pi
2
∫
d3k
(2pi)3
n(k)
M∗(k)
Π˜0(k)
∆pi(p− k), (28)
UMDµ (p) = −
3f 2pi
2
∫
d3k
(2pi)3
n(k)
Πµ(k)
Π˜0(k)
∆pi(p− k), (29)
where the ∆pi(q) is the pion propagator defined as
∆pi(q) =
1
q2 −m2pi
. (30)
In the above vector self-energies we omit the tensor-coupling part involving [Π(k) ·
(p− k)](p− k)µ. This term is very small if the self-energy is independent of momentum
[6], and their momentum-dependence is actually very small as shown later.
Using the above formulation we get the total energy density of the spin-isospin satu-
rated nuclear matter with the momentum-distribution n(p) as
ET/Ω = 4
∫
d3p
(2pi)3
n(p)ε(p) + U˜ [σ]
+ 2
∫
d3p
(2pi)3
n(p)
M∗(p)UMDs (p)− Πµ(p)Uµ(p)
Π˜0(p)
, (31)
with the system volume Ω.
Let us show the calculated results in our model using the momentum-dependent Dirac
self-energies with the one-pion-exchange. In this calculation we fit the parameters (PF1)
for the σ- and ω- exchanges to reproduce the saturation properties that the binding energy
BE = 16MeV, the incompressibility K = 200MeV and the effective mass M∗/M = 0.7
at the saturation density ρ0 = 0.17fm
−3. For comparison we give the results with the
momentum-independent self-energies in the parameter-set PM1 [16] which gives the same
saturation properties. The detailed values of the parameter-sets PF1 and PM1 are given
in Table 1.
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In Fig. 1 we draw the momentum-dependence of the scalar self-energy Us(p) and the
time component of the vector self-energy U0(p). It can be seen that the variation of the
momentum-dependent self-energies is only 2.5 % at most below Fermi level, which looks
very small.
In Fig. 2 we show the density-dependence of the Dirac self-energies Us and U0 on the
Fermi-surface (a) and the Landau mass (b) with the parameter-sets of PF1 and PM1.
Though two results of Us and U0 almost agree together, we can see rather large difference
in the Landau mass: the value at ρB = ρ0 isM
∗
L/M = 0.85 in PF1, which is consistent with
the value expected by the analysis of ISGQR as shown previously, while the momentum-
independent calculation (PM1) givesM∗L/M = 0.74. Hence it is shown that the very small
momentum-dependence in the nucleon self-energies enhances the Fermi velocity about 15
%, and gives a significant difference in the Landau mass. Furthermore we can also see
an interesting behavior of M∗L in PF1, namely, its value agrees with the bare mass at
ρB ≈ 0.5ρ0 and becomes larger with the decrease of the density. Effects of small Dirac
effective mass are largely canceled at low density by the momentum-dependence created
by the one-pion exchange. This fact implies that the non-locality of the self-energies
affects nuclear surface properties such as the isovector magnetic moment, whose value is
still larger than the Schmidt value [17].
Here we should give a further comment. Bentz et al. have shown in Ref. [18] that
the Landau mass is reduced by the one-pion exchange, which is opposite to ours. In this
calculation Benz et al. have used the pseudo-scalar (PS) coupling, and the sign of UMDµ
was taken to be opposite to ours.
In order to understand this disagreement more we consider the Schro¨dinger equivalent
potential only with the one-pion exchange. In the non-relativistic limit the Schro¨dinger
equivalent potential is given as
USEP = −Us + U0 + p
2
2M
U0. (32)
Both the PS and PV couplings make same results up to the first order of M−2 and
m−2pi . This agreement is caused by the fact U
MD
s − UMD0 ≈ 0 in the PS coupling at
its zeroth order, while the proper PV coupling does not contribute to the zeroth order.
However these two parts UMDs and U
MD
0 are not small in the PS coupling because the
PS coupling constant gpi is rather big. In the relativistic mean-field framework, however,
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the self-energies Us and U0 have as large strengths as the nucleon mass M , and then
the cancellation in the non-relativistic limit does not occur. This fact is the origin of
the difference between the two kinds of couplings. The full HF calculation with the PS
coupling makes too large contribution to the Dirac self-energies [3] while Bentz el al.
calculated the Fock term with the perturbative way. Thus a calculation with the PV
coupling must be more reliable than that with the PS coupling.
In this paper we have shown that the resonance energy of ISGQR is given with the same
formula as the non-relativistic macroscopic theory; this value is determined by the Landau
mass M∗L. The typical value of Dirac effective mass is empirically known as M
∗/M =
0.55 − 0.7, which corresponds to M∗L/M = 0.6 − 0.75 in the RH approximation with
the momentum-independent Dirac self-energies. Such a small Landau mass overestimates
the excited energy of ISGQR. On the contrary, if we introduce the explicit momentum-
dependences, the Fock part of the one-pion exchange enhances M∗L. As an example,
we have shown that Dirac effective mass M∗/M = 0.7 corresponds to the Landau mass
M∗L/M = 0.85, which is consistent with the experimental result of the ISGQR energy,
which is in strong contrast to the value. M∗L/M = 0.74 in RH.
Of course we still have some ambiguities in this work. For example the bulk density
of finite nuclei is smaller than the saturation density, so that we may discuss the value
of the Landau mass at lower density. In Ref. [19], furthermore, it has been reported
that the time-dependent mean-field calculations have explained the excited energies of
ISGQR for 16O and 40Ca. These results are inconsistent with the macroscopic theory.
The treated nuclei may be too small or their calculations involve other correlation beyond
the macroscopic theory. Thus we should not make a quantitative conclusion on the
ISGQR state before investigating it in finite nuclei. Though we still have ambiguities,
nevertheless, we can conclude that the momentum-dependence largely affects the Fermi-
velocity, particularly in the low density region.
Here we should note that although the introduction of the momentum-dependence
changes the Landau mass, the depth of self-energies and hence the density dependence
of the total energy are affected very little. Thus the approximation to neglect the non-
locality of the Dirac-field should be correct in discussions of many aspects of the nuclear
structure in the Dirac approach. However, as for some physical quantities such as Fermi
9
velocity, we will have to take account of the non-locality effects in the Dirac approach.
This effect cannot be involved even if the density-dependent parameters are introduced
into the RH approximation [4,8].
The authors would like to thank Prof. S. Nishizaki and Dr. Guangjun Mao for
stimulating discussions on this work.
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gσ gω Bσ Aσ fpi
PF1 9.699 9.880 27.61 6.134 1.008
PM1 9.408 9.993 23.52 5.651 0.0
Parameter sets in this paper. In all cases have used mpi= 138
MeV, mσ= 550 MeV, mω= 783 MeV and Cσ = 0.
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Figure Captions
Fig. 1 Momentum-Dependence of the scalar (a) and vector (b) self-energies. The solid and
dashed lines indicate the results in PF1 and PM1, respectively. The dotted line
denotes the position of the Fermi momentum at ρB = ρ0.
Fig. 2 Density-dependence of the Dirac self-energies Us and U0 on the Fermi-surface (a)
and the Landau mass (b) the Landau mass (b). The solid and dashed lines indicate
the results for PF1 and PM1, respectively, and the full square in (b) denotes the
value expected empirically from ISGQR.
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